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VACUmi  JACKETING 
-  V3.  - 
STEAM  JACKETING. 

Since  the  thermoa  bottle  is  such  a  suc- 
cesBful  preventative  of  the  transfer  of  heat, 
as  for  instance  in  the  preservation  of  liquid 
air  at  atmospheric  pressure,  it  has  been  thought 
advisable  to  test  the  effect  of  vacuxAm  jacket- 
ing on  the  cylinders  of  a  steam  engine. 

The  idea  of  this  set  of  tests  was  con- 
ceived with  the  view  of  determining  the  rela- 
tive steam  consumption  of  an  engine  using  vac- 
uxxm  as  a  jacketing  medium  as  compared  with  that 
when  using  steam. 

The  engine  upon  which  these  tests  were 
conducted  is  a  horizontal  cross -compound  test- 
ing engine  built  for  the  Mechanical  laboratory 
'of  the  Armour  Institute  of  Technology,  by  the 
All 4s -Chalmers  Company,  of  Milwaukee.   It  is 
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rated  at  seventy -five  horse  power  when  running 
at  ninety  revolution  per  minute  and  under  an 
initial  preeeure  of  one  hundred  and  fifty 
pounds  per  square  inch.  Both  high  and  low  pres- 
sure  cylinders  have  provisions  made  for  jack- 
eting heads  and  barrel.  The  diameters  of  the 
high  and  low  presstire  cylinders  are  respec- 
tively nine  and  eighteen  inches,  with  a  two 
foot  stroke.  The  governor  is  of  the  fly -ball 
type. 

The  engine  exhausts  into  a  Wheeler  sur- 
face condenser  having  three  htindred  and  sixty 
four  tube  five-eights  of  an  inch  in  diameter 
and  seven  feet  one  and  three  quarters  inches 
long,  giving  a  condensing  surface  of  four 
hundred  and  thirty  tvro  square  feet.  The  cool- 
ing water  used  flowed  through  the  condenser 
by  city  main  pressure,  the  water  piston  of  the 
ptunp  having  been  removed. 

The  low  pressure  side  of  the  engine  was 
dismantled,  by  removing  the  piston,  connect- 
ing rod,  and  eccentric  rods  and  only  the  high 
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presBure  cylinder  used  in  these  tests. 

The  prony  "brake,  which  has  been  fitted 
to  the  main  shaft  since  the  engine  was  erected, 
was  used  to  absorb  the  power  developed.  A  split 
pulley  was  used  and  the  leakage  of  cooling 
water  throiigh  the  joints  gave  a  continually 
changing  coefficient  of  friction  between  the 
pulley  and  the  strap. 

The  Jackets  of  this  engine  had  never  been' 
used  before.  It  was  necessary,  therefore,  in 
preparing  for  the  tests  to  connect  them  by 
suitable  piping,  with  sources  of  both  steam 
and  vacuum.  Openings  in  the  upper  portions  of 
both  heads  and  barrel  were  connected  by  three- 
quarter  inch  pipe  with  an  Edwards  air  p\amp.  A 
branch  was  put  in  connecting  with  the  steam 
pipe  supplying  the  cylinder.  Valves  were  placed 
in  both  the  branch  and  main  line  to  facilitate 
shifting  from  vacuum  to  steam  jacketing.  The 
drains  from  the  lower  portions  of  the  heads 
and  barrel  were  connected  in  a  similar  manner 
with  a  trap  to  take  care  of  condensation  when 
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eteam  jacketing  was  used. 

Calibration  of  Instruments. 

The  steam  pressure  gauges  were  calibra- 
ted from  zero  to  one  hundred  by  five  pound 
increments  on  a  Crosby  gauge  tester.  The  curves 
for  the  necessary  corrections  are  included  as 
a  part  of  this  report. 

The  standards  used  in  the  calibration  of 
our  themometere  were  obtained  from  the  Physics 
Department,  That  used  in  the  calibration  of  the 
cooling  water  and  condensed  steam  thermometers 
was  a  (0  -  100)  Centigrade,  and  that  used  in 
the  calibration  of  the  calorimeter  thermometer 
was  a  (O  -  150)  Centigrade.  The  former  were 
compared  with  the  standard  in  a  water  bath  up 
to  120  degrees  Fahrenheit  and  the  latter  in  an 
oil  bath  up  to  280  degrees  Fahrenheit. 

The  indicator  springs  were  calibrated  in 
a  testing  line  having  valves  in  the  supply  and 
exhaust  so  that  the  pressure  could  be    varied 
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at  will .  Readings  were  taken  at  interval  of 
ten  pounds  with  both  increasing  and  decreas- 
ing preesiire.  The  average  of  these  readings 
corresponded  so  closely  with  the  scale  of  the 
spring  that  it  was  thought  advisable  to  call 
them  correct.  On  the  following  page  will  be 
found  the  results  of  an  average  set  of  read- 
ings. 

The  scales  used  were  tested  with  stand- 
ard test  weights  and  found  to  be  correct. 

A  calibration  test  of  two  hours  duration 
was  run  on  the  Worthington  water  meter  in  the 
cooling  water  line,  varying  the  flow  from 
three  and  a  half  to  seven  cubic  feet  per  min- 
ute, A  curve  was  drawn  for  the  same  plotting 
cubic  feet  per  hour  against  pounds  per  hour. 
It  was  found,  in  trying  tb  check  calculations 
by  the  weight  of  cooling  water  as  indicated  by 
the  meter  readings,  that  these  resiilts  were 
not  reliable,  owing  to  fluctuation  in  water 
pressure. 
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General  Plan. 

The  plan  for  the  preliminary  work  of 
this  set  of  tests  was  to  make  three  consec- 
utive runs  of  two  hours  duration  each  on  the 
engine  for  each  method  of  Jacketing  used.  The 
first  three  were  to  be  made  without  jacketing 
of  any  kind  in  order  that  it  might  be  seen 
whether  either  method  gave  any  appreciable 
gain  in  steam  consumption.  The  second  three 
were  to  be  made  with  vacuum  jacketing;  the 
degree  of  vacuum  used  to  be  the  best  obtain- 
able with  the  Edwards  air  pump.  And  the  third 
set  of  runs  were  to  be  made  with  steam  jack- 
eting; the  pressure  and  quality  of  the  steam 
supplied  to  the  jackets  being  the  same  as  at 
the  throttle.  All  runs  were  to  be  made  with  a 
constant  gauge  pressure  of  eighty  pounds  at 
the  throttle  and  with  a  gross  load  of  five 
hundred  povinds  on  the  scales.  Additional  runs 
were  then  to  be  made  as  the  results  of  these 
might  indicate  was  desirable. 
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Method  of  Procedure. 

The  steam  preeeure  in  the  main  varied 
to  Buch  an  extent  that  constant  adjustment  of 
the  throttling  valve  in  the  supply  pipe  was 
required  to  maintain  the  desired  eighty  pounds 
at  the  throttle.  At  times  the  pressure  dropped 
so  low  that  it  was  necessary  to  shorten  the 
length  of  the  run. 

The  back  pressure  was  measured  "by  means 
of  a  manometer  attached  to  the  exliaust  pipe  at 
the  engine  so  as  to  avoid  errors  due  to  any 
drop  in  pressure  in  the  piping  betv/een  engine 
and  condenser.  The  best  degree  of  vacuum  that 
the  Wheeler  condensed  would  give  was  about 
twenty  five  inches  of  mercury.  The  failure  to 
get  a  better  vacuvun  was  partly  due  to  a  defec- 
tive valve  in  the  air  p\imp. 

The  quality  of  the  steam  at  admission 
was  determined  by  a  throttling  calorimeter  in 
the  supply  line  just  above  the  cylinder. 

Each  end  of  the  cylinder  was  provided 
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with  a  Crosby  indicator  so  that  cards  might 
be  taken  simultaneously. 

A  continuous  coionter  was  attached  to 
the  valve  gear  of  the  engine  which  registered 
the  number  of  revolutions.  Its  reading  was 
taken  at  intervale  of  thirty  minutes,  both  as 
a  check  upon  the  tmiform  speed  of  the  engine 
and  as  a  precaution  against  possible  accidents 
spoiling  the  data  for  the  entire  run. 

The  temperature  of  the  condensed  steam 
was  kept  well  below  a  hundred  degrees  Fahren- 
heit in  order  to  prevent  errors  due  to  loss 
by  vaporization  after  leaving  the  condenser. 
It  was  pxamped  from  the  condenser  to  weighing 
tanks  and  the  v/eight  taken  every  thirty  min- 
utes. 

A  low  pressure  trap  was  used  to  take 
care  of  condensation  in  the  jackets  when  steam 
jacketing  was  used.  It  would  not  discharge 
under  the  pressure  used.  In  order  to  discharge 
the  trap  it  was  necessary  to  close  the  valve 
in  the  line  to  the  jacket  and  releive  the  pres- 
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sure  by  opening  the  vent  cock.  This  made  it 
possible  to  drain  the  condensation  at  the  be- 
ginning and  end  of  each  run.  The  trap  water 
was  weighed  and  added  to  the  condensed  steam 
in  calculating  the  steam  consvimption  for  the 
steam  jacketed  rune. 

The  flow  of  cooling  water  through  the 
condenser  was  made  sufficient  in  each  case  to 
give  a  temperature  well  below  one  hundred  de- 
grees Fahrenheit,  to  the  issuing  condensed 
steam.  The  average  rise  in  temperature  of  the 
cooling  water  being  from  about  forty  six  to 
ninety  degrees.  When  using  the  Edwards  air 
pump  on  the  vacuum  jacket,  it  was  necessary 
to  use  water  from  the  same  line  in  order  to 
condense  enough  steam  to  seal  the  valves.  This 
source  of  error,  together  with  the  unreliabil- 
ity of  results  obtained  from  meter  readings 
made  it  iqipossible,  xmder  the  existing  circvm- 
stances,  to  do  anything  but  estimate  the  quan- 
tity of  cooling  water  supplied  to  the  cinden- 
ser. 
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Carde  were  taken  at  ten  minute  intervale 
during  each  run,  ae  were  also  readings  of  cal- 
orimeter, in  and  out  going  cooling  water,  and 
condensed  steam  temperatures,  back  and  con- 
denser pressures. 
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Sample  Oalculatlona. 

Tho  following  la  a  sample  of  the  complete 
calculations  for  one  run. 

Gauge  Pres.  (cor.)     =  81,5  #/sq.  in. 

Barometer  =  29. If?  "  Hg. 

=  14.3  #/Bq.  in. 

Abs.  steam  Pres.       =  95.8  #/sq.  in. 

Back  pressure  =  23,7  "  Hg. 

=  2.6  T-Vsq.in. 

The  initial  quality  of  the  steam -as  de- 
termined from  the  average  temperature  of  the 
calorimeter  for  the  run  from  the  equation: 

^i^i  +  1i  =  ^a  -^  C(tc  "  "ta)  ■'■  Qa 
^a  +  C(t^  -  t^)  +  qa  -  qi 


or       Xj^  = 

970.6  +  . 6 (245.4-210.6 )+178. 8-295. 2 
890 
=  98.4  io 
where  x^  is  the  quality  desired,  r^^  is  the  la- 
tent heat  at  the  initial  pressure,  q^  is  the 
heat  of  the  liquid  at  the  initial  pressure. 
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Tg^  is  the  latent  heat  at  atmospheric  pressure, 
q  is  the  heat  of  the  liquid  at  atmospheric 
■pressure,  C  is  the  specific  heat  of  superheat- 
ed steam,  t-  is  the  average  calorimeter  temper- 
ature corrected,  and  tg^  is  the  boiling  temper- 
ature at  atmospheric  pressure. 

The  final  quality  of  the  steam  as  deter- 
mined from  the  equation: 

x^ri       Xf-rf 

where  x^  is  the  initial  quality  as  before,  ri/Tj^ 
is  the  enthropy  of  vaporization  at  the  initial 
pressure,  0^   is  the  enthropy  of  the  liquid  at 
the  same  pressure,  x^  is  the  quality  desired, 
rf/Tf  is  the  enthropy  of  vaporization  at  back 
pressure,  and  ^^   is  the  enthropy  of  the  liquid 
at  back  pressure.  Solving  we  get: 

ri/Ti  +  iZ$i   "  j6f 

Xf»   —   Xi    —  —  -.—  -.—  -—  —  —  —  —  —  -•  — 

which  by  substituting  the  value  of  x^  as  al- 
ready calculated  and  the  others  from  our  tables: 
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1.1355+.4707-. 19078 

=  98.4 

1.77S6 

=  81.9  io 

The  average  revolutions  per  minute  equals 
the  difference  in  readings  of  the  continuous 
counter  at  the  beginning  and  the  end  of  run 
divided  by  the  length  of  the  run. 

12045  -  474 


R.P.M.  = 

120 

=  11571/lSO   =  96.4 

The  average  mean  effective  pressure  on 
head  end  cards  is  the  average  of  the  mean  ef- 
fective pressures  of  all  head  end  cards  for 
the  run,  and  for  this  run  was: 

M.E.P.   =  43.5  #/  sq.  in. 

The  average  indicated  horse  power  of  the 
head  end  was  calculated  from  the  mean  effective 
pressure  and  revolutions  per  minute  given 
above,  the  leiigth  of  the  strike  (two  feet), 
and  the  area  of  the  head  end  side  of  the  piston 
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whioh  was  63.6  square  inches. 

43.5  X  2  X  63.6  x  96.4 

H.P.  =  

33,000 

=   16.15 

The  average  meeui  offeotive  pressure  and 
indicated  horse  power  were  calculated  in  the 
same  manner  for  the  crank  end.  ' 
M.E.P,   =  42.1  #/8q.  in. 

42.1  X  2  X  60.8  X  96.4 


H.P.  = ■ 

33,000 

=   14.95 


Total  I. H.P.   =   16.15  +  14.95 
=   31.1 

6.2832  X  3.47  x  96.4  x  452.5 

B.H.P.  =  

33,000 

=   28.8 

where  3.47  is  the  length  of  the  br^ke  arm  in 

feet  and  452.5  was  the  net  load  on  the  scales, 

The  mechanical  efficiency  as  calculated 
from  the  above  results  was: 
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Em  =   28.8/31.1   =  92.6  ^ 

The  thermodynamic  efficiency  per  indica- 
ted horse  povrer,  as  fovind  by  dividing  the  mech- 
anical equivalent  of  one  horse  power  hour  by 
the  heat  units  supplied  per  indicated  horse 
power  per  hour,  was: 

2545  X  31.1 

Ef  = -— ' 

(.984  X  890  +  295.1  -  103.4)  1229.2 

=  6.58  ^ 

where  S545  is  the  mechanical  equivalent  of  one 

horse  power  hour,  31.1  is  the  total  indicated 

horse  power,  .984  is  the  quality  of  the  steam 

supplied,  890  is  the  heat  of  vaporization,  and 

295.1  is  the  heat  of  the  liquid  at  admission 

pressure,  103.4  is  the  heat  of  the  liquid  at 

back  pressure,  and  1229.2  is  the  total  weight 

of  stegun  supplied  to  the  engine  per  hour. 

In  the  runs  using  steam  in  the  jackets, 

the  heat  given  up  by  the  steam  supplied  tothe 

jackets  was  also  charged  to  the  cylinder  in 

calculating  the  above  efficiency. 
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Tlie  Rankine  efficiency  ie  the  theoretical 
maximum  that  can  be  obtained  under  the  given 
conditions  of  initial  and  final  pressures  as 
expressed  in  the  formula: 

Hi  -  Hf 

Er  = 

Hi  -  qf 

where  H^  is  the  total  heat  in  a  pound  of  steam 
at  the  initial  pressure,  Hf  is  the  total  heat 
in  a  pound  of  steam  at  the  back  pressure,  and 
qf  is  the  heat  of  the  liquid  at  the  back  pres- 
sure. The  total  heats  being: 

Hi  =  Xiri  +  qi 

Hf  =  Xf rf  +  qf 
where  Xf  the  final  quality  is  calculated  on 
the  assumption  of  adiabatic  expansion,  as 
shown  on  page  12  in  the  calculation  for  the 
final  quality. 

Substituting  the  values  of  Xi  and  Xf  as 
already  calculated  and  the  remaining  values  as 
taken  from  Peabody's  Steam  Tables- we  have: 
Hi  =  .984  X  890  +  295.1 
=   1171.0   B.T.U. 
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Hf  =  .819  X  1016.1  +    103,4 
=   935.6  B.T.U. 
Prom  which  we  get: 

1171.0  -  935.6 

Er  = 

1171.0  -  103.4 

=   22.0  fo 

The  efficiency  ratio  as  obtained  by  di- 
viding the  efficiency  of  the  real  engine  by 
that  of  the  ideal  engine  is  a  measure  of  the 
extent  to  which  the  theoretical  possibilities 
have  been  realized  and  in  this  case  is: 
E  =  6.58/22.0   =   29.9  % 

The  water  rate  of  a  perfect  engine  is: 
2545 

H    =  

Hi  -  Hf 

2545 
= =   10.8  # 

1171.0  -  935.6 
where  Hj^  and  Hf  are  the  same  as  calculated 
above  txnder  Rankine  efficiency. 

The  actual  water  rate  of  the  engine  as 
obtained  by  dividing  the  total  weight  of  dry 
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8 team  supplied  to  the  engine  per  hour  by  the 
total  average  Indicated  horse  power  was: 
Wg,  =  1229,S/31.3 
=   35.7  # 

In  the  steam  jacketed  runs  the  weight  of 
dry  steam  supplied  to  the  jackets  was  added  to 
that  supplied  to  the  cylinder  in  calculating 
the  water  rate.  For  those  runs  using  vacuum 
jacketing  no  steam  was  charged  to  the  cylindor 
for  the  operation  of  the  air  pump  since  the 
jackets  might  have  been  just  as  easily  direct- 
ly connected  to  the  condenser  and  no  addition- 
al steam  required. 

The  low  thermodynamic  efficiency  and  the 
accompanying  high  steam  consiuaption  were  prin- 
cipally due  to  the  small  bore  of  the  cylinder 
as  compared  with  the  stroke  of  the  engine. 
The  gain  shown  for  either  method  of  jacketing 
on  this  vinusually  proportioned  cylinder  would 
probably  not  agree  with  those  obtained  from 
one  of  more  practical  dimentions . 
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Our  failure  to  obtain  more  consistent 
results  was  apparently  due  to  the  difficulty 
of  maintaining  a  constant  steam  pressure  at 
tho  throttle  and  a  constajit  load  on  the  brake. 
Adjustments  of  the  steam  pressure  and  the  brake 
had  to  be  made  so  frequently  that  the  cut-off 
was  continually  fluctuating  and  it  was  impos- 
sible to  get  a  good  average  card.  The  variation 
in  cards  was  so  great  that  the  average  of  a 
two  hour  run  may  not  have  given  the  true  aver- 
age. It  is  probable,  however,  that  by  taking 
an  average  of  all  of  the  runs  made  with  any 
one  method  of  jacketing  a  close  approximation 
of  the  true  average  would  be  obtained. 

Pig.  1.  shows  the  three  average  sample 
cards  and  their  respective  saturation  curves. 
Fig.  2.  shows  the  quality  of  the  steam  in  the 
cylinder  during  expansion  for  the  three  methods 
of  jacketing.  We  include  as  a  part  of  this  re- 
port a  sheet  of  the  original  data  for  each  run 
and  a  siiramary  of  the  calculated  results  for 
the  full  series  of  eighteen  inins . 


.i.'v 


-20- 


By  averaging  the  steeim  consumption,  for 
all  rune  having  the  same  method  of  Jacketing, 
we  find  that  No  jacketing  gives  a  steam  con- 
Bvunption  of  35.47  pounds  dry  steam  per  indi- 
cated horse  power  per  hour,  Vacuum  jacketing 
gives  33.25  pounds,  and  Steam  Jacketing  31.13 
poiinds . 

This  shows  a  gain  of  4,34  poiinds  for 
steam  jacketing  as  compared  with  2.22  povinds 
for  vacuum  jacketing  over  no  jacketing.  The 
percentage  of  gain  being  12.21  for  steam,  and 
6.26  for  vacuum  jacketing. 


We  are  indebted  to  Professor  Gebhardt 
and  Professor  Libby  for  valuable  suggestions 
as  to  the  manner  of  conducting  these  tests; 
and  to  Mr.  J.  G.  Peebles  for  the  use  of  in- 
struments. 

This  thesis  is  respectfully  submitted 
to  the  President  and  Faculty  of  the  Armour 
Institute  of  Technology. 


